In this paper, a novel compressor map tuning method is developed with the primary objective of improving the accuracy and fidelity of gas turbine engine models for performance prediction and diagnostics. A new compressor map fitting and modelling method is introduced to simultaneously determine the best elliptical curves to a set of compressor map data. The coefficients that determine the shape of the compressor map curves are analyzed and tuned through a multi-objective optimization scheme in order to simultaneously match multiple sets of engine performance measurements. The component map tuning method, that is developed in the object oriented Matlab Simulink environment, is implemented in a dynamic gas turbine engine model and tested in off-design steady state and transient as well as degraded operating conditions. The results provided demonstrate and illustrate the capabilities of our proposed method in refining existing engine performance models to different modes of the gas turbine operation. In addition, the excellent agreement between the injected and the predicted degradation of the engine model demonstrates the potential of the proposed methodology for gas turbine diagnostics. The proposed method can be integrated with the performance-based tools for improved condition monitoring and diagnostics of gas turbine power plants.
• The maintenance cost attributed by the accuracy of the proposed method is assessed as compared to other methods. data and/or engine measurements; however they suffer from the extensive training and non-uniqueness of the solution, respectively. On the other hand, in diagnostics systems and approaches both GA and NN can 40 be designed to be robust due to performing prior signal processing operations [12] . Since transient data 41 are normally acquired online at reasonably high rates the former methods cannot be used effectively when 42 integrated into a dynamical engine model. This is specially the case for real-time performance prediction of 43 a gas turbine. Therefore, it is essential to develop a robust, formally validated, generic and computationally 44 efficient approach for representing a compressor map that when empowered with model adaptation will be 45 able to predict a gas turbine's performance at off-design steady state and transient conditions.
Nomenclature

46
In this paper, a compressor map generation method for improving the accuracy of the gas turbine performance prediction and diagnostics is developed. In contrast to the earlier work [13] , where the shape of 48 a compressor map was expressed by mathematical equations of an ellipse with fixed center and no rotation,
49
this study proposes a more sophisticated and accurate approach by considering rotation of the ellipses 50 and transformation of its coordinates. This method is integrated into a dynamic engine model that is 51 developed in the Matlab/Simulink environment. The dynamic engine model itself and its validation against 52 the gas turbine simulation software PROOSIS [14] were the subject of our earlier work [15] . Moreover, the 53 application is not only tested to the steady state off-design operation [16] , but is also extended to transient for low speed regions, that is below 50% of the corrected rotational speed, is another research topic that has 63 been addressed by other researchers [6] , [19] and is beyond the scope of this study.
64
The objective of map generation approaches is to determine mathematical expressions that could accu- 
Map Fitting
71
The process of map fitting commences with a reference map that is available either from the open Efficiency Line is not as accurate; nevertheless it is more accurate than Approach 1 and GRNN with fixed spread. to be computed in both GRNN methods is the spread or the smoothing parameter σ. will not give rise to ill-conditioned extrapolation affecting the accuracy of the targeted optimization solution.
140
Each coefficient of the suggested elliptical approach is now expressed as a polynomial function of the corrected 141 rotational speed in the generic form as
where g denotes as one of map coefficients and i denotes the order of the polynomial function. For instance,
143
in the second approach, the coefficient a πc is now expressed as
which is a 3 rd order polynomial with a total number of 4 sub-coefficients. In Approach 2 where the coefficients 145 for the pressure map (a πc , b πc , θ πc ) are expressed as a function of the speed, as shown in Fig. 4 , this results
146
in 13 sub-coefficients for the π c versus m c map.
147
The above process is performed for all the three proposed fitting approaches using the Matlab 
159
This results in the use of 100 sub-coefficients for the Approach 3 as opposed to 23 that are required for the
160
Approach 2 although their differences are not significant in both the pressure ratio and the efficiency maps.
161
Approach 2 has a fitting error of 2.9% for m c which may be considered high to allow for an accurate 
Gas Turbine Engine Model
189
The proposed compressor map fitting method is now integrated into a dynamic model of a two shaft 190 industrial gas turbine that is developed in Matlab/Simulink environment and validated with PROOSIS [14] .
191
The engine model that is developed consists of a compressor, a combustor, a compressor turbine and a power 
194
The engine simulations performed consist of two modes, the steady state and the transient. Steady 
207
The difference between the power required by the compressor P c and the power extracted from the turbine 
where Y denotes the engine performance vector consisting of the measurements such as the pressure and other quantity.
226
The measured engine behaviour is represented either by the field data of a service engine or through The adaptive simulation algorithm that is depicted in Fig. 6 attempts to tune the component charac-232 teristics vector X so that the difference between the performance vector of the engine model Y and the 233 reference engine Y r is minimized. For this study, the difference between the predicted Y and the observed Y r measurements can be evaluated by means of an Objective Function (OF ) that is defined as follows:
where n denotes the total number of operating points corresponding to q number of different corrected covers multiple operating points, the objective function was modified to accommodate for such a feature.
240
The number of the measured parameters to be matched depends on the test case itself, however for this 241 work all the measured parameters are used in a single optimization problem.
242
The criterion OF is minimized by implementing one of the Matlab's built-in nonlinear unconstrained 
252
It should be emphasized that the proposed method assumes the existence of an initial map shape. There 253 is no similarity or closeness requirement between the initial map selected for the engine model and the 254 unknown compressor map of the reference test engine. This is supported by the fact that the method is 255 capable of regenerating any shape of the compressor map since the map curves are analytically controlled.
256
The number of the sub-coefficients utilized has to do only with the fidelity by which a compressor map 257 shape is generated and is not related to the number of gas path measurements that are to be matched. The data driven nature of the proposed method implies that the accuracy of the map generated depends 296 on the number of operating points that are available from an engine with an unknown map. However, it
297
should be noted that the generated map is an accurate representation of the unknown map mainly for the 298 region for which the data points are available. This implies that a map can be generated even when a small 
312
Consequently, the reference engine will operate at degraded conditions and will produce a new set of ∆X pred i,j = 100
In order to assess how effective the prediction results are a diagnostic index (DI) is defined as follows
where is the average error in terms of the characteristic vector X which is the output of the compressor here assesses the effectiveness of the prediction based on the output of the compressor map which forms the 324 characteristic vector X. Consequently, the accuracy by which a map is tuned to meet the degraded gas path 325 measurements is evaluated according to
For multiple operating points, n denotes the total number of points corresponding to q number of different 327 corrected rotational speed lines. The simulation case studies that have been carried out are now described 328 in the following section. 
Case Study Description
330
Our proposed adaptation approach is implemented in a dynamic engine model that is developed in 331 the Matlab/Simulink environment and is evaluated and analyzed for the steady state and the transient 332 conditions. As described earlier, the reference engine is a similar model with simple lookup tables whereas 333 the engine model utilizes our proposed map generation process. The performance specifications of the 334 reference engine are provided in Table 2 . shape has on the accuracy of the proposed method is also assessed. This is accomplished by using a different 352 initial compressor map shape than the one in Fig. 1 , and is available from the PROOSIS gas turbine simu- In the third case study the goal of the engine model is to match a set of reference engine measurements 357 when degradation is injected in the compressor of the latter. Therefore, the method's prediction capability that is provided by different optimization schemes should be filtered out in order to focus purely on the capability of each method to modify the compressor map shape, and therefore ensure that the comparisons 368 between them are more realistic.
335
369
For the transient mode cases, the fuel flow rate varies according to the fuel flow command schedule and 370 the engine is decelerated and accelerated as described in Sections 4.2 and 4.3. The adaptation case study function evaluations refer to the number of times that the optimization algorithm is allowed to evaluate the 374 objective function, whereas the iterations refer to how many times this algorithm is allowed to be performed.
375
The fourth case study is a techno economic assessment of each adaptation method and their associated 376 cost in terms of the maintenance if adopted in a thermal power plant for performance estimation of the 377 compressor degradation. 
Results and Discussion
379
Our proposed adaptation approach is tested for both the steady state and the transient modes of the 380 healthy and degraded conditions. The results for each case study are presented and discussed in the following 381 subsections. The objective of the first case study is to evaluate the accuracy of our proposed adaptation method and The engine model prediction error for each method is shown in Fig. 13 . The engine model prediction 392 error for the LS method is increasing when the operating point is far away from the design conditions. This 393 is due to the fact that a major assumption for a successful adaptation in this method is that the compressor 394 map to be tuned should be of very similar shape to that of the one used by the reference engine. On the 395 other hand, the accuracy of the NLS method is distributed in a balanced way, and any deviations are due to 396 the specific shape of the reference engine map as seen in Fig. 1 and the wide range for which that adaptation 397 is pursued.
398
The compressor discharge pressure p 3 and the temperature T 3 for the engine model show a maximum error 399 in the range of -2% to 2% for the proposed method. On the other hand, the maximum engine model errors 400 for the LS and the NLS methods are in the ranges of -10% to 10% and -5% to 4%, respectively. Moreover, the The objective of the second case study is to evaluate the accuracy of our proposed adaptation method in Fig. 1 is going to be referred to as Model I for this case study.
420
In contrast to the previous steady state case where the operating range was wide, in this transient case
421
we are focusing on a much narrower range, i.e. from 100% to 90% of the nominal value of the rotational 422 speed N . The reason for this selection is firstly due to the fact that the majority of industrial gas turbines can be effectively generated.
456
In terms of the optimization process where a total of 100 discrete operating points were used for this case Model II performed 6400 iterations to reach the same tolerance criteria at an elapsed CPU time of 1.1 sec.
460
On the other hand, the elapsed CPU time for the LS and NLS methods was 0.2 sec and 2.1 sec, respectively.
461
The prediction error of each method for the transient case study is shown in Fig. 19 . The prediction Error (%) 
Case 3
The objective of this case study is to evaluate the capability of our proposed method to predict a 474 component degradation. As described earlier in Section 2.3, the mass flow capacity and efficiency of the 475 reference engine compressor are reduced by -5% and -2.5%, respectively. This percentage decrease represents 476 a typical maximum rate of the compressor fouling for a gas turbine that can be partly recovered with off-line 477 washing. Generally, given that steady state data of high quality are difficult to obtain, diagnosing the health 478 of a gas turbine might be based on transient data. Although the former is computationally challenging it 479 should be noted that transient behavior is much more sensitive to the degradation than the steady state.
480
Consequently, transient data can provide a better insight when one is required to perform fault diagnosis 481 and health monitoring during this operational mode.
482
The fuel flow for the transient maneuver is identical to the one shown in Fig. 15 . A total of 60 discrete 
499
The maximum deviations of -5% in the compressor flow capacity and -2.5% in the isentropic efficiency are 500 selected specifically in order to demonstrate the capability of our proposed approach to a more challenging 501 diagnostic task than considering deviations of -1% and lower. However, it should be noted that the accuracy 502 of our method remains unchanged even for smaller deviations of the component parameters. The results
503
from all case studies (CS) are summarized as shown in Table 5 . The primary objective of this case study is to assess the effects that each adaptation method have on 508 the quality of engine performance information that are usually implemented by the gas turbine users for 509 maintenance of a power plant. Generally gas turbine users implement various tools for estimating the health 510 of gas turbine compressor in terms of the mass flow capacity and the efficiency. Depending on the severity 511 of degradation that is predicted by the selected approaches, the plant has to be shut down and an off-line 512 washing is carried out to recover the lost performance of the compressor and the engine.
513
Although both on-line and off-line washing are performed on gas turbine compressors, the former is 514 not accounted here. The reason is that the off-line washing has a higher impact on both recovering the 515 28 compressor fouling and increasing the maintenance cost of the plant. The assumptions that are made for 516 this case study are as follows:
517
• The time frame for which a gas turbine operation is investigated is 12 months.
518
• Only the compressor degradation due to the fouling is examined.
519
• A typical constant rate of -1% drop in the compressor efficiency per month is assumed.
520
• Off-line washing is performed once the estimated drop in the compressor efficiency is 1%.
521
• After each off-line washing 95% of the lost compressor efficiency is recovered.
522
• The gas turbine operates most of the time from 100% down to 90% of the nominal rotational speed 523 N .
524
• Within the above operating range a small proportion (20%) is considered as transient and the remaining 525 (80%) as steady state.
526
• A weighted average error is determined to account for the earlier assumption, i.e. w = 0.8 s + 0.2 tr ,
527
where s and tr denote the average errors for the steady state and transient conditions, respectively.
528
• The proposed adaptation method in conjunction with the scaling methods are employed.
529
The number of off-line compressor washings that are suggested by each method is shown in Fig. 22 and costs $3000, which is reasonable for an aeroderivative gas turbine, and that the shutdown is about 3 hours.
542
The cost corresponding to each method and its relative cost with respect to the optimum method of the 543 reference engine are summarized in Table 6 . generated. This is a limiting factor of our approach when one investigates a wide range of engine operations 560 that utilize variable geometry compressor scheduling by the VSVs.
544
561
Data corrections for measurement noise, humidity etc. should be accounted for before utilizing data 
570
The desirable features and performance capabilities of the proposed method motivate the inclusion of 571 variable geometry characteristics to the compressor map generation and also the fitting and modelling of 572 turbine maps; tasks that the authors are currently engaged in. 
Conclusions
574
In this paper, a novel adaptation method is introduced that aims at improving the accuracy of the gas 575 turbine performance prediction and diagnostics at both the steady state and transient operating conditions.
576
The model coefficients that are obtained from the map generation procedure are optimized through a non- 
582
Application of the developed approach to a two shaft industrial gas turbine engine model demonstrates 583 the following advantages and benefits. In comparison with earlier adaptation methods, our proposed strategy 584 demonstrates the effectiveness that the compressor map has on the prediction accuracy of the engine model.
585
The accuracy of the proposed method is independent of the similarity between the initial map shape selected comparison with other existing adaptation methods.
596
Our proposed adaptive performance method is a useful tool for progressively refining an engine model 597 based on multiple sets of reference engine test data at both the steady state and the transient off-design 598 operating conditions. The improved accuracy and efficient computational properties of our method have 599 also demonstrated its potential capabilities for gas turbine diagnostics and reducing the maintenance cost.
600
Therefore, implementation of our proposed method to any gas turbine performance simulation or as a 601 condition monitoring and diagnostic tool could provide a more reliable and accurate information for gas by the anonymous reviewers that greatly improved the quality of the article.
